The natural structures have excellent dynamic mechanical properties. In this work, an impact protection structure inspired by the C60 molecule was proposed. And a model of a hollow ball protected by the bio-inspired C60 molecular structure during a drop testing was built. For the bio-inspired C60 molecular structure, the drop process and the dynamic mechanical property was investigated by LS-DYNA software. The results indicate that the bio-inspired C60 molecular structure has a good ability to protect against impact. Furthermore, the effects of the diameter ratio, materials, drop height, and angle were discussed. These variations of geometry and material can influence the dynamic mechanical properties of the bio-inspired C60 molecular impact protection structure.
Introduction
The complicated and dynamic environments pose serious threats to the safe and reliable operation of equipment. 1, 2 Currently, the demand for lightweight and safe energy-absorbing equipment (a resistant impact structure) is rapidly increasing in industry. 3 The natural world has evolved over 4.5 billion years, and its structure and function has reached near-perfect levels. [4] [5] [6] Humans study and imitate nature, and then, they invent and create materials, structures, tools, and equipment to meet the needs of their survival and development. With regard to shock absorption, many ideas inspired by nature have been proposed.
Inspired by the woodpecker, the structure and shock isolation mechanism have been investigated, and the bionic structure was presented in prior literature. Finite element models of the woodpecker's head were established to study the dynamic intracranial responses. [7] [8] [9] The mechanical properties and macro/ micro morphological structure in the woodpecker's head were investigated using mechanical testing and micro-CT scanning. 7, 10 The research results showed that macro/micro morphology of cranial bone and beak can be recognized as a major contributor to nonimpact injuries. Inspired by the woodpecker, the bionic structure was presented for impact protection. Mei et al. 11 presented a bionic structure model of ultra-precision vibration isolation system by imitating the special organic texture of the woodpecker's brain. And a two-dimensional fuzzy active control system with two regulation factors was designed in their work. The experimental results show that the bionic vibration isolation system has good performance against floor disturbances. Yoon et al. 12, 13 analyzed the head structures (beak, hyoid, spongy bone, and skull bone with cerebrospinal fluid) of the woodpecker, and they designed a new shock-absorbing system consisting of close-packed microglasses State Key Laboratory of Robotics, Shenyang Institute of Automation, Institutes for Robotics and Intelligent Manufacturing, Chinese Academy of Sciences, Shenyang, China within two metal enclosures and a viscoelastic layer fastened by steel bolts. The bionic structure can protect commercial micromachined devices from unwanted high-g and high-frequency mechanical excitations.
We know that the elytra of the beetle can protect and hind wings the body by resisting damage from outside loading. Inspired by the elytra beetle, the bionic energy-absorbing, thin-walled structure was proposed. [14] [15] [16] And a micron-scale finite element model was built. The mechanical characteristics of bionic structures under axial impact loading were investigated by numerical simulations. The results show that the structure could absorb the impact energy by its deformation.
Inspired by the plant, the structures of different wall types and thin-walled tubes were investigated and designed for packaging and energy absorption. Seidel et al. 17 studied the free fall experiments of Citrus maxima by conducting high-speed camera controlled from 6 m high. They could demonstrate a deceleration of the fruits of 3100 m/s 2 , which corresponds to 316g, without any visible damage to the fruit. Chen et al. 18 reported an experimental study on three new types of tubes inspired by the cross-section and nodes of bamboo with the aim of improving the crashworthiness of three types of cylindrical metal tubes. And these results indicated that the bionic method can improve the crashworthiness and affect the deformation mode under certain conditions. Different bionic features have different effects on the deformation of thin-walled tube. Tao et al. 19 evaluated the bionic bumper structure models inspired by cattail and bamboo using nonlinear finite element simulations for their crashworthiness under full-size impact loading. The results indicated that the bionic design enhances the specific energy absorption of the bumper. Zou et al. 20 studied the structure of bamboo to increase the axial and lateral energy absorption of thin-walled tubes by using bionic design method. Energy absorption ability of bamboo was tested by dropping experiments. The results showed that the energy absorption was excellent due to the gradient distribution of vascular bundles, nodes, and density.
However, the bionic structures are usually used for impact protection in a single direction. For multiple direction impact protection, such as spherical robot, etc., it needs further design. Matter is made up of molecules, ions, and atoms. In 1985, a new molecule with 60 carbon atoms (C60, also called fullerene) was discovered for the first time by Kroto et al. 21 It was determined that the structure of the molecule is spherical with high symmetry from the results of the nuclear magnetic resonance spectrum 22 and infrared spectroscopy. 23 C60 is a closed structure and a newly described carbon allotrope [24] [25] [26] and is plotted in Figure 1 . It has novel electronic and structural properties 27 along with high chemical stability. The spherical molecular structure inside fullerene is a large cavity so that it can be filled with other atoms to form a special clathrate structure.
In this work, an impact protection structure inspired by the C60 molecule was proposed. And a finite element model of a bio-inspired C60 molecular structure and a hollow ball protected by the bioinspired C60 molecular structure were built. The dynamic mechanical property was investigated under the conditions of dropping by LS-DYNA software. Then, the dynamic mechanical response results were compared with a hollow ball under the same dropping conditions. The effects of the diameter ratio, materials, drop height, and angle were also numerically investigated.
Structural design
A hollow ball protected by the bio-inspired C60 molecular structure was depicted in Figure 2 . The hollow ball (AHB) was considered as a protected object, and the bio-inspired C60 molecular structure was the impact protection structure. The geometrical model includes 60 balls (bionic carbon atom, BCA) and 150 bars (90 bars are intermolecular contacts between the carbon atoms, CCB; 60 bars are contacts between the carbon and hollow ball, CAB).
Model
The bio-inspired C60 molecular structure is computed by LS-DYNA software. The SOLID164 element type is chosen to meet the drop analyses of the bio-inspired C60 molecular structure. All of the parts are meshed by the tetrahedron element using the free mesh method. The finite element model is shown in Figure 3 . The target is one rigid SOLID164 brick element, which is created automatically in the drop test module and is always assumed to be stationary.
Aluminum alloy and rubber are used in this work, and they represent two typical materials: brittle and viscoelastic materials (''hard'' and ''soft'' materials).
An isotropic elastic material model and a Blatz-Ko rubber material model are selected in this work. For aluminum alloy, the parameters are the Young's modulus E ¼ 70 GPa, the mass density ¼ 2800 kg/m 3 , and Poisson's ratio m ¼ 0.27. For rubber, the parameters are the shear modulus G ¼ 1.04 GPa, the mass density ¼ 1150 kg/m 3 , and the Poisson's ratio m ¼ 0.463. The drop height (H) and gravitational acceleration (g) of the bio-inspired C60 molecular structure are set as initial loading conditions. For the contact between CAB and AHB, the Boolean operation GLUE is used to form a common boundary and a common node between them. For the bio-inspired C60 molecular structure and target, ''Contact Automatic General'' is set as the selected algorithm of contact.
Case study
For the hollow ball protected by the bio-inspired C60 molecular structure, it is set to free fall from height H. Ignoring any resistance, the velocity of the landing is
where minus sign indicates a downwards direction. The free fall process can be seen in Figure 4 , and the target is deemed to be too rigid. It is well known that when the hollow ball protected by the bioinspired C60 molecular structure falls to the ground, the bio-inspired C60 molecular structure holds still. Then, it experiences an impact deformation stage because of the inertia effect of the hollow ball and the parts that are not in contact with the target. The velocity of the structure is gradually reduced to zero due to the counterforce of the bio-inspired C60 molecular structure. When maximum deformation of the structure is achieved and the velocity of the hollow ball protected by the bio-inspired C60 molecular structure is zero, the elastic deformation of the structure will begin to recover. The motion direction of the hollow ball protected by the bio-inspired C60 molecular structure will be reversed until the elastic deformation restored fully. The internal resistance and deformation will consume energy.
For the bio-inspired C60 molecular structure, the fall process is the same. When a part of the BCA falls to the ground, others continue to fall due to an inertial effect. Because of the structural interaction, the impact energy will be partially consumed.
For the ANSYS/LS-DYNA software, the DTM greatly simplifies the procedure for simulating a drop test. A drop test involves orienting an object with respect to an assumed gravitational field and allowing it to drop from some specified height under the influence of gravity onto a flat, rigid surface (the target). The target was defined as a rigid body, and the material parameters are default parameters of DTM. The Young's modulus was E ¼ 3.12 GPa, mass density r ¼ 2800 kg/m 
The simulation result
First, the balls and bars were taken as a whole using the isotropic elastic material model. The drop process of the bio-inspired structure is shown in Figure 5 and indicates that the stress occurred on the contact face, and then, the stress wave was propagated by the balls and bars until it was evenly distributed. At the beginning, the von Mises stress of the bio-inspired C60 molecular structure was zero; when T ¼ 8.11 ms, the structure reached the target, and the max von Mises stress appeared on the BAC in contact with the target. When the velocity of the bio-inspired C60 molecular structure was gradually reduced to zero, maximum deformation was achieved (which can be seen in Figure 5 (c), T ¼ 15.90 ms. When T ¼ 25.13 ms, the bio-inspired C60 molecular structure left the target completely. The rigid body acceleration curve of the bio-inspired C60 molecular structure under the conditions of dropping is shown in Figure 6 , and the max rigid body acceleration is shown to be 1.76g.
After analyzing the features of the drop process and rigid body acceleration, the different acceleration nodes were compared. Node a represents the response of the node in contact with the target. Node b represents the response of the node that is not in contact with the target, and it is the farthest point of the impact energy transfer. The node accelerations are shown in Figure 7 . As shown in this figure, the acceleration of node a was more than that of node b. The maximum amplitudes of the node acceleration in nodes a and b are measured from Figure 7 . The measured results are given in Table 1 for comparison, where T oc indicates the time when the node acceleration begins to change, a max is the max node acceleration, and Ta max is the time of maximum node acceleration. Table 2 shows that the maximum acceleration of node 1 is 18,533g, and the maximum acceleration of node 2 is 4353g. The maximum acceleration of node 1 is 4.26 times that of node b. For node a, when the bio-inspired structure contacts the target, node a receives a direct and large impact acceleration. After 0.31 ms, the acceleration of node b begins to change and increase.
To clearly show the difference in the different stress elements, the simulated effective stresses obtained in the different elements are provided in one diagram for comparison. Elements a and b are the elements on the BCA, and elements c and d are the elements on the CCB. Elements a and c are at the bottom of the bioinspired structure on the ball contact with the target. Elements b and d are at the top of the bio-inspired Figure 6 . The rigid body acceleration and velocity curve of the bio-inspired C60 molecular structure under the conditions of dropping. structure. The stress of CCB is larger than that of BCA, and the element stress at the bottom of the bio-inspired structure is more than that at the top of the bio-inspired structure, as shown in Figure 8 . The stress results of four elements are listed in Table 2 Next, the finite element model of hollow ball protected by bio-inspired C60 molecule structure was also taken as a whole. The drop process of hollow ball protected by bio-inspired C60 molecule structure is plotted in Figure 9 , which is similar to the bio-inspired C60 molecular structure. At the beginning, von Mises stress of impact protection structure was zero. When T ¼ 8.11 ms, the structure reached the target, max stress appeared on the BAC in contact with the target. When maximum deformation is achieved, the velocity of bio-inspired structure was gradually reduced to zero. Then, the elastic deformation of hollow ball protected by bio-inspired C60 molecule structure will begin to recover. When T ¼ 10.89 ms, the structure left the target completely. The rigid body acceleration curve of the hollow ball protected by bio-inspired C60 molecule structure is shown in Figure 10 . It can be seen that the max rigid body acceleration is 11.79g. Bio-inspired C60 molecular structure has buffer effect on the hollow ball due to interaction of balls and bars. Similarly, we compared the node acceleration obtained from different nodes. Node a is at the bottom of the bio-inspired C60 structure on the ball contact with the target. Node b is at the top of the bioinspired C60 structure. Nodes c, d, and e are located on the surface of the hollow ball and in the middle, bottom, and top, respectively, of the bio-inspired structure from the side view. The five node accelerations are plotted in Figure 11 . As shown in this figure, the acceleration of node a is more than that of the others. Node c receives the smallest impact acceleration. When the bio-inspired structure contacts the target, node a directly receives a large impact acceleration, and then, the acceleration begins to decay. After about 3 ms, five nodes approach acceleration. The results also show that the bio-inspired C60 structure plays a protective role against the centre ball. The maximum amplitudes of the node acceleration in nodes a, b, and c are measured from Figure 11 . The measured results are given in Table 3 for comparison, where T oc means the time when the node acceleration begins to change, a max is the max node acceleration, and Ta max is the time of maximum node acceleration. Table 2 shows that the maximum accelerations of node a to node e are 10,674g, 2220g, 1134g, 2798g, and 1881g, respectively. The maximum acceleration of node a is 4.8 times that of node b.
The simulated effective stresses obtained in the different elements are given for comparison. On the surface of the hollow ball, three elements were chosen from the bottom to the top of the bio-inspired structure in the side view. The effective stresses of the three elements are shown in Figure 12 . The stresses obtained from the three elements are similar, and it appears that the stress of the hollow ball is uniform. The effective stress results are listed in Table 4 . For elements a, b, and c, the maximum effective stresses is 25.06 MPa, 21.76 MPa, and 23.6 MPa, respectively. From the structure contact target until the end of the calculation, the average stress values of the three elements are 7.24 MPa, 5.62 MPa, and 7.59 MPa, respectively.
Comparison with the hollow ball
To examine the impact resistance of the bionic structure, a finite element model of the hollow ball was established. The drop process of the hollow ball was calculated as shown in Figure 13 . The drop process is similar to the bio-inspired C60 molecular structure with the hollow ball.
The simulated effective stress obtained in different elements of the hollow ball was provided for comparison, as observed in Figure 14 . On the surface of the hollow ball, three elements were chosen from the bottom to the top of the bio-inspired structure in the side view. Clearly, the stress obtained from element a on the drop contact surface is larger than that of the others. For elements a, b, and c, the maximum effective stress is 532.32 MPa, 16.78 MPa, and 37.26 MPa, Rigid bady acceleration (g) Time (ms) Figure 10 . The rigid body acceleration curve of the hollow ball protected by the bio-inspired C60 molecular structure. respectively. For the duration of contact, element a produced great stress due to the drop impact. After the hollow ball separated from the target, the average stress value of element a was 9.21 MPa. From the structure contact target until the end of the calculation, the average stress value of elements 2 and 3 are 4.04 MPa and 9.92 MPa, respectively. For the same location of the element, the stress results of hollow ball are more than the hollow ball protected by the bio-inspired C60 molecular structure. Figure 15 shows a comparison of the rigid body accelerations obtained from two cases, where curve a is the acceleration of the hollow ball and curve b is the acceleration of the hollow ball protected by the bio-inspired C60 molecular structure. Based on Figure 15 , the amplitude of the rigid body acceleration in curve a is larger than that in curve b, and the impact acceleration duration time of curve a is more than that in curve b. In these two cases, the node acceleration values obtained from the two structures on the same place of the hollow ball surface are plotted in Figure 16 . It was found that the node acceleration of curve b is less than that of curve a.
That is, the bio-inspired C60 molecular structure plays a role in impact protection.
Parameter study The geometric parameters
Diameter is an important geometrical parameter. To thoroughly understand the dynamic mechanics of the behaviour of the bio-inspired C60 molecular structure under the conditions of dropping, three diameter ratios were analyzed in this section. The diameter ratios of BCA and CCB were 3:1, 4:1, and 5:1. In this section, the balls and bars of the finite element model were taken as a whole, and the isotropic elastic material model was chosen. The rigid body accelerations obtained from different diameter ratios are shown in Figure 17 . The measured results are provided in Table 5 for comparison, where Toc indicates the time when the node acceleration begins to change, a max is the max node acceleration, and T amax is the time of maximum node acceleration. As seen from Figure 17 and Table 5 , three structures received a large impact acceleration when they reached the target. When the diameter ratio is 5:1, the rigid body acceleration of the bio-inspired C60 molecular structure is the biggest. When the diameter ratio is 4:1, the rigid body acceleration of the bio-inspired C60 molecular structure is the smallest.
Different materials
In this section, different materials were discussed to analyze the dynamic mechanical property of the 11.97 Figure 15 . A comparison between the rigid body acceleration obtained from different structures, where curve a is the acceleration of the hollow ball and curve b is the acceleration of the hollow ball protected by the bio-inspired C60 molecular structure. Figure 16 . A comparison between the node acceleration obtained from different structures on the same place on the hollow ball surface, where curve a is the acceleration of the hollow ball and curve b is the acceleration of the hollow ball protected by the bio-inspired C60 molecular structure. bio-inspired C60 molecular structure under the conditions of dropping. According to the results of the previous section, the diameter ratio of minimum and maximum acceleration was selected. Then the diameter ratio of BCA and CCB were 4:1 and 5:1. The drop height was 0.5 m.
According to the material, there are four groups for the bio-inspired C60 molecular structure. The materials are listed in Table 6 . For the diameter ratio of BCA and CCB was 4:1, the four group results of von Mises stress when the drop velocity of the structure arrived at zero are given in Figure 18 . The structural deformation of groups C and D are obvious. Compared to the four groups, CCB is involved in the structural support. The numerical results of the rigid body acceleration obtained from the four groups are plotted in Figure 19 . The maximum rigid body acceleration obtained from the four groups is plotted in Figure 20 . As shown in Figures 19  and 20 , the maximum rigid body acceleration numerically recorded acceleration pulse is 1.76g, 0.44g, 0.37g, and 1.65g. It is clear that group B and group C have a better ability for impact resistance. For group B, there is no obvious change in the structure.
For the diameter ratio of BCA and CCB was 5:1, the numerical results of the rigid body acceleration obtained from the four groups are plotted in Figure 21 . As shown in the figure, the maximum rigid body acceleration numerically recorded acceleration pulse is 8.73g, 1.75g, 1.38g, and 3.85g. From the results, the diameter ratio of 5:1 has the same regularity as the diameter ratio of 4:1. It also shows that the diameter ratio of 4:1 is better than the diameter ratio of 5:1. According to the calculation result, the response acceleration with a diameter ratio of 4:1 is the smallest. Next, the materials of the hollow ball protected by the bio-inspired C60 molecular structure are discussed. The materials of the structure are listed in Table 7 . Here, the loading conditions and geometric parameters are the same as the bio-inspired C60 molecular structure. There were three groups for analysis. For the three groups, the von Mises stress when the drop velocity of structure arrived at zero is given in Figure 22 . The larger Mises stress appeared on the CAB. The numerical results of the rigid body acceleration obtained from the three groups are plotted in Figure 23 . The von Mises stress obtained from the three groups on the same place of the hollow ball surface are plotted in Figure 24 . For the three groups, the maximum rigid body acceleration numerically recorded acceleration pulse was 11.79g, 6.72g, and 2.56g. The acceleration rise and fall of group c is smoother. The maximum effective stress occurs at 16.18 MPa, 7.53 MPa, and 4.15 MPa. For group c, the magnitude of the stress change is minimal. Group c has a better ability for impact resistance. That is, when the material of the BCA and CAB is rubber and the material of the CCB is aluminum alloy, the hollow ball protected by the bioinspired C60 molecular structure has better impact protection.
The drop height and angle . According to the previous section, the material of the BCA and CAB is rubber, and the material of the CCB is aluminum alloy.
The results of the max rigid body acceleration and effective stress on the same location of the hollow ball surface from different drop heights were plotted in Figures 25 and 26 . The results indicate that the higher the drop height is, the greater the impact is. It was found that the maximum rigid body acceleration increases with increasing drop height, and the impact acceleration growth slows down.
Next, the effect of the drop angle was analyzed, as depicted in Figure 27 . The results indicate that the larger the drop angle is, the smaller the impact is, as shown in Figures 28 and 29 . It was found that the maximum rigid body acceleration decreases with increasing drop angle. When the drop angle increases, the distance between the target and BCA with first contact is decreased. Therefore, the impact of the structure is smaller. The measured results are given in Table 8 body acceleration and effective stress on the same location of the hollow ball surface is very close to the case of 10 and 15 . In addition, when the structure rebounds, the hollow ball protected by the bioinspired C60 molecular structure can rotate.
Conclusion
In this study, an impact protection structure inspired by the C60 molecule was proposed. The hollow ball protected by the bio-inspired C60 molecular structure for impact was modeled, the drop process and the dynamic mechanical property of the structure were simulated by LSDYNA; the effects of the diameter ratio, the materials, and the drop height and angle were discussed. Some significant results obtained from the present work are summarized as follows:
1. The dynamic mechanical property of the bioinspired C60 molecular structure and the hollow ball protected by the bio-inspired C60 molecular structure under the conditions of dropping were analyzed. The results indicated that the bioinspired C60 molecular structure had a good ability to promote impact protection under the same loading conditions. 2. The parameters of the diameter ratio, materials, drop heights, and angle studies have been studied by numerical simulations, and the results show that they have an important impact on the dynamic mechanical property. When the diameter ratio is 4:1, the rigid body acceleration of the bioinspired C60 molecular structure is the smallest. 3. For the hollow ball protected by the bio-inspired C60 molecular structure, when the BCA and the CAB are constructed of viscous-elastic materials and the material of the CCB is metal, the hollow Figure 27 . A schematic of the hollow ball protected by the bio-inspired C60 molecular structure under different drop angles. ball protected by the bio-inspired C60 molecular structure has a better ability for impact protection. 4. For the bionic structure, the higher the drop height is, the greater the impact is. However, the impact acceleration growth slows down. Under the same drop height, the maximum rigid body acceleration decreases with increasing drop angle.
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